The assessment of hydrodynamic characteristics of a screw propeller in open water test is of crucial significance in the preliminary design stage of a ship. The open water characteristics can be accurately predicted by towing tank measurements. Taking into account the significant advances in computational fluid dynamics which has enabled the numerical assessment of the open water characteristics, the time and the cost of propeller design are significantly reduced. Open water characteristics can be assessed numerically using potential and viscous flow theory. The former one allows faster and simpler preliminary determination of open water characteristics. Within this paper, numerical simulations are performed for Gawn series propellers utilizing open source code OpenProp based on the moderately loaded lifting line theory and commercial software package STAR-CCM+ based on viscous flow theory. The latter one is more time consuming regarding the time required for the preparation of simulation as well as computational time. The obtained numerical results are compared with regression polynomials based on the experimental data. The validation of the results has pointed out that OpenProp can be used as practical and efficient tool in preliminary design of screw propellers.
Introduction
The most important phase in the design of a screw propeller is the preliminary design phase during which the geometry of the screw propeller is chosen, in order to ensure the required thrust at a certain ship speed. Nowadays, the hydrodynamic characteristics of a screw propeller are most commonly determined utilizing experimental methods, i.e. open water test (OWT) is performed [1] . In the past different approaches based on the potential flow theory have been developed for modelling of the flow around a screw propeller. Numerical methods for the determination of the hydrodynamic characteristics of a screw propeller are according to the order of complexity [2] : momentum theory, lifting line method, lifting-surface method, Boundary Element Method (BEM) or panel method and Reynolds Averaged Navier-Stokes Deni Vlašić, Nastia Degiuli,
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(RANS) equations. Numerical simulations based on the potential flow theory provide a rapid estimation of the hydrodynamic characteristics of a screw propeller in OWT and therefore are of great benefit to ship designers. The lifting line method is the fastest and easiest to apply, as it does not require a complex preparation of the three-dimensional representation of a screw propeller. Because of its computational efficiency, it has been a key factor for a number of years in the preliminary design of a screw propeller [3] . On the other hand, methods for the determination of the hydrodynamic characteristics of a screw propeller based on the viscous flow theory are used as well. With the development of computers in last years these methods have taken an increasingly important role in screw hydrodynamics.
The possibilities of improving the geometry of a screw propeller at the preliminary design stage using methods based on the potential flow theory are presented in [4] . Validation of the results was performed on DTMB 4119 and DTMB 4381 screw propellers for which the experimental data were available. The proposed method showed that the geometry of the DTMB 4119 screw propeller was optimal. Furthermore, geometric improvements had been achieved by the rearrangement of the pitch along the blade of a screw propeller by applying the same method for the DTMB 4381 screw propeller. In this way, a more favorable distribution of circulation along the blades of a screw propeller was achieved. Gaggero et al. [5] have performed the geometry optimization of the Contracted and Tip Loaded (CLT) propeller using BEM. The reliability of the design method and achieved improvements in the screw propeller geometry had been validated by extensive RANS calculations. The authors also performed unsteady calculations using unsteady BEM to obtain amplitudes of induced pressure impulses. The obtained results were compared with the available measurements and with results for the geometry of original CLT propeller and the authors confirmed the improvements for the new geometry. Bertetta et al. [6] have investigated the influence of the cavitation on the noise for a Controlable Pitch Propeller (CPP) outside the operating point using BEM. The multiobjective optimization algorithm coupled with BEM led to the optimum geometry of CPP for different pitches with the aim of reducing cavitation and noise. Outside the operating point of the screw propeller, the new geometry produces less noise and less pressure impulses than the original geometry. Lee et al. [7] have proposed an optimization code coupled with the lifting-surface method for the design of a screw propeller. The method uses a vortex theory to calculate the induced speeds at certain radii of a screw propeller. The validation of the results was carried out on DTNSRDC 4119 propeller with a homogeneous velocity field as well as on a series of DTNSRDC propellers that had more complex geometry. A study of the hydrodynamic characteristics of a screw propeller, operating near the free surface, for different advance coefficients and various submergence of propeller models was performed in [8] . The impact of the scale effects was evaluated by testing two models in different scale. The results of the numerical simulation included the free surface pattern, the velocity field around the screw propeller, and the hydrodynamic characteristics of the screw propeller. Islam et al. [9] have studied the influence of domain size and discretization parameters on the time required to run RANS simulation of OWT in the commercial software package STAR-CCM+ as well as their impact on the accuracy of the results. Based on the results for 32 different domains for the same screw propeller, the authors found the optimum domain dimension and domain discretization parameters utilizing design of experiments. The obtained results were validated by comparison with the experimental data. Califano and Steen [10] have performed RANS simulations using the commercial software package Fluent to investigate the effects of ventilation on the hydrodynamic 131 characteristics of a screw propeller while operating in the heavy sea. The authors concluded that predicted dynamic loads utilizing numerical simulations showed satisfactory agreement with the experimentally obtained ones, but only at the upright position where the blade is piercing the free surface. For the other angular positions the thrust is overestimated. This was attributed to the inability of RANS solver to resolve the tip vortex. Furthermore, it was shown that the tip vortex had a very important role in the ventilation of conventional propellers, which was not a case for surface-piercing propellers. Subhas et al. [11] have carried out a numerical simulation of OWT using RANS solver in Fluent for the prediction of the pressure field and the velocity around the screw propeller, as well as the cavitation occurrence. The comparison of the obtained results with experimental ones showed that Computational Fluid Dynamics (CFD) can be used for prediction of the cavitation occurrence. Prakash and Nath [12] have performed a numerical simulation of OWT for a four-blade propeller of Wageningen B series in Fluent utilizing unstructured grid. The validation of the obtained results was performed by comparison with the results obtained using regression polynomials which were derived based on experimental results. Krasilnikov et al. [13] have investigated the scale effects utilizing RANS simulations with the main focus on the impact of blade skew, propeller loading and blade area ratio. Müller et al. [14] have analyzed the impact of the scale effects on screw propeller for large container ships. The authors performed the numerical simulations of OWT within commercial software package CFX for 23 screw propellers in model scale and full-scale. Based on the obtained results, they proposed a scaling method for evaluation of OWT characteristics in full-scale. Lee and Paik [15] have performed numerical simulations of partially submerged screw propeller under the bollard condition. The authors showed that thrust and torque of partially submerged propeller decrease significantly with an increase in rate of revolution. In [16] , the author has investigated wake characteristics of Contra Rotating Propeller (CRP) in OWT and self-propulsion conditions. In addition, Paik studied the effect of rudder on wake characteristics in self-propulsion test and concluded that the presence of the rudder has no significant influence on wake whereas a significant influence on thrust and torque was noticed. Kinaci and Gokce [17] have studied effect of propeller on free surface elevations for benchmark Post Panamax ship, Duisburg test case. For this purpose, the authors performed numerical simulations of resistance and self-propulsion tests. The authors concluded that free surface causes the increase of pressure on the propeller and hull stern as well as the efficiency of the propeller.
In this paper OWT characteristics are studied numerically utilizing lifting line theory and RANS. Numerical simulations are performed for five Gawn series propellers with expanded area ratio equal to 1.1. Pitch to diameter ratio of propellers with three blades is varied in the range from 0.7 to 0.9. The obtained numerical results are compared with regression polynomials based on the experimental data. Furthermore, the flow around the screw propeller in OWT is analyzed. This paper is organized as follows: Section 2 provides governing equations for lifting line and viscous flow theory, while in Section 3 numerical setup is given. Section 4 provides the obtained results, while in Section 5 conclusions drawn from this research are given.
Governing equations

Lifting line theory
This subsection presents the theory of moderately loaded lifting line enhanced with vortex lattice for computing the induced velocities. Propeller blade is represented by a lifting line, with trailing vorticity aligned to the local flow velocity. The induced velocities are computed using a vortex lattice theory, with helical trailing vortex filaments shed at discrete stations along the blade. The blade itself is modelled as discrete sections, having 2D section properties at each radius. Loads are computed by integrating the 2D section loads over the span of the blade [18] .
Using the lifting and viscous forces for infinitely many radial sections along the propeller blades, i.e. knowing the dependence of these two forces on the radial position along the propeller blades (r) and under the assumption of identical propeller blades, the total thrust and torque can be calculated as follows [18] :
where Z is the number of blades, [18] The magnitudes of lifting and viscous forces can be determined as follows:
The preliminary design of a screw propeller The circulation is computed from 2D lift coefficient, which is given as follows:
A standard propeller vortex lattice model is used to compute the axial and tangential induced velocities ( ** , at uu ). In the vortex lattice formulation, a propeller with Z blades is modelled as a single representative radial lifting line, partitioned into M panels. The induced velocities are computed at control points on the lifting line at radial locations, by summing the velocity induced by each horseshoe vortex as follows:
where * a u and * t u are the axial and tangential velocity induced at the certain radial location by a unit-strength horseshoe vortex surrounding panel i.
Lifting line theory does not take into account the induced velocities. Therefore, the vortice lattice theory is used for the calculation of the induced velocities, 
where ( ) More details regarding the lifting line theory can be found within [18, 19] .
Viscous flow theory
In this subsection, basic physical laws for the description of the incompressible viscous flow along with the equations for Moving Reference Frame (MRF) method are given.
The law of conservation of mass in differential form is defined as [20] :
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Reynolds-Averaged Navier Stokes equations for incompressible flow are given as [20] : (12) In order to close an unclosed set of equations (10) and (11) The law of conservation of mass and RANS equations in MRF written with relative velocity are as follows [21, 22] :
Numerical setup
In this section numerical setup used within numerical simulations of potential and viscous flow around a screw propeller is presented.
The Text files are created for five propellers with the same expanded area ratio equal to 1.1 and with pitch to diameter ratio in the range from 0.7 to 0.9 with step of 0.05. Numerical simulations are performed for a range of advance coefficients from 0.1 up to advance coefficient for which the thrust is negative. It should be noted that at higher P/D ratios, i.e. for 0.85 and 0.9, at lower advance coefficients screw propeller is more loaded. Therefore, for these two propellers, numerical simulations are performed from J=0.15 and J=0.2 respectively, since within OpenProp moderately loaded lifting line approach is used. Equations (1) and (2) are solved in a discrete form within OpenProp.
Viscous flow theory
Numerical simulations of viscous flow are performed within commercial software package, STAR-CCM+. Governing equations are discretized using finite volume method, which are solved in a segregated manner. All numerical simulations are performed as steady simulations for several advance coefficients in range from 0.1 to 0.75 with a step of 0.05. The change of advance coefficient is achieved by variation of the inlet velocity, while rate of revolution is kept constant. The simulations for each advance coefficient are stopped after 4000 iterations when residuals drop at least four order of magnitude, i.e. iteration uncertainty is negligible, Figure 3 . The computational domain, shown in Figure 4 , is discretized using Deni Vlašić, Nastia Degiuli, The preliminary design of a screw propeller Andrea Farkas, Ivana Martić by means of computational fluid dynamics 136 unstructured hexahedral mesh with following meshing tools: Prism layer mesher, Trimmer and Surface remesher according to the recommendations from [9] . Numerical simulations are performed for five Gawn series propellers of same expanded area ratio equal to 1.1, which differ in pitch to diameter ratio ranging from 0.7 to 0.9. The mesh for all five propellers has around 2.5 million cells. The mesh is refined through entire domain within the diameter equal to 1.4 D, and vertically near the propeller in the region equal to 1.4 D, as can be seen in Figure 5 . The refinement in rotation region can be seen in Figure 6 . The special care is given to near wall treatment, where near wall cells are generated taking into account that y + of the first cell near wall has value above 30, since wall functions are applied, Figure 7 . It is important to note that underrelaxation factor for velocity is set to 0.5 and for pressure to 0.1.
The boundary conditions are applied as follows: velocity inlet for inlet boundary, pressure outlet for outlet boundary, slip wall for lateral surface of the cylinder and no slip wall for the propeller. 
where , , , , The preliminary design of a screw propeller Deni Vlašić, Nastia Degiuli, by means of computational fluid dynamics Andrea Farkas, Ivana Martić 141 Tables 1-5 show results of OWT obtained by OpenProp (potential flow), STAR CCM+ (RANS) and regression polynomials for different pitch to diameter ratio. The pressure field on the pressure side of the propeller for two values of J is shown in Figure 13 for propeller with P/D=0.8. It can be noticed that on the pressure side of the propeller for higher J, the overpressure is lower since the load on the propeller is lower. The pressure field on the suction side of the propeller with P/D=0.8 for two same values of J is shown in Figure 14 . For higher J, the underpressure on the suction side of the propeller is reduced. The reason for this is an increase in inflow velocity and decrease of the load on the propeller. Since approximately two-thirds of the thrust are caused by the underpressure on the suction side of propeller blades [1] , the thrust is lower at higher values of J. In Figure 15 , the pressure field of propeller with P/D=0.8 in the vertical plane is shown. The larger difference in the pressure between the pressure and suction side of the propeller can be noticed at lower J value, which is caused by larger load on the propeller blades. The velocity distribution in the vertical plane of propeller with P/D=0.8 for two values of J is shown in Figure 16 . The larger difference in velocity distribution is present at lower J value due to larger thrust at lower J value.
The streamlines behind operating propeller with P/D=0.8 for two values of J are shown in Figure 17 . A larger trailing vortex can be noticed for lower J value and therefore the open water efficiency is lower due to the loss of kinetic energy. 
Conclusion
In this paper the numerical simulations based on potential and viscous flow theory were performed for five Gawn series propellers. The obtained numerical results of OWT were compared with the available regression polynomials. An input for numerical simulations based on the lifting line theory were the discrete values of the chord length of the blade sections at different radii. Within this research the applicability of lifting line theory in preliminary design of a screw propeller was investigated. Trends of hydrodynamic coefficients obtained using lifting line theory and regression polynomials are the same for the range of J values where the propeller is moderately loaded, which is of great importance since the most of screw propellers operate in this range.
3D models for five Gawn series propellers were generated and used as an input data for RANS simulations. It was shown that trends of hydrodynamic coefficients obtained using RANS simulations and regression polynomials based on the experimental data are the same. Also, the detail analysis of the flow around screw propeller in OWT was performed. RANS simulations provide a complete insight into the flow around screw propeller, i.e. pressure and velocity distributions as well as streamlines. This is a valuable benefit of RANS simulations compared to simulations based on the lifting line theory.
The satisfactory agreement between numerically obtained results and the ones obtained using regression polynomials was achieved for both lifting line and viscous flow theory in the range of J values where the propeller is moderately loaded. Therefore, OpenProp can be used as a practical and efficient tool in preliminary design of screw propellers as simulations based on the lifting line theory are significantly faster and simpler than RANS simulations. However, once the optimal geometry is obtained using lifting line theory, RANS simulations Deni Vlašić, Nastia Degiuli, The preliminary design of a screw propeller Andrea Farkas, Ivana Martić by means of computational fluid dynamics 146 should be performed in order to obtain detail insight into the flow phenomena around the propeller.
